Understanding how complex organ systems are assembled from simple embryonic tissues is a 10 major challenge. Across the animal kingdom a great diversity of visual organs are initiated by 11 a 'master control gene' called Pax6, which is both necessary and sufficient for eye 12 development 1-6 . Yet precisely how Pax6 achieves this deeply homologous function is poorly 13 understood. Here we show that vertebrate Pax6 interacts with a pair of morphogen-coding 14 genes, Tgfb2 and Fst, to form a putative Turing network 7 , which we have computationally 15 modelled. Computer simulations suggest that this gene network is sufficient to spontaneously 16 polarise the developing retina, establishing the eye's first organisational axis and prefiguring its 17 further development. Our findings reveal how retinal self-organisation may be initiated 18 independent of the highly ordered tissue interactions that help to assemble the eye in vivo.
Introduction 25
Positional cues that govern cell fate decisions in the embryo may arise at multiple 26 organisational levels: cell-intrinsically (e.g. asymmetric cell divisions), tissue-intrinsically (e.g.
27
reaction-diffusion mechanisms), tissue-extrinsically (e.g. inductive tissue interactions) or some 28 combination of these. Historically, the early patterning of cell fates within the vertebrate eye has To test for Pax6 auto-regulation in the optic vesicle, a C-terminally truncated dominant negative 23 Pax6 gene (dnPax6) 18 was mis-expressed unilaterally, while a C-terminal riboprobe was used 24 to selectively detect endogenous Pax6 expression. dnPax6 did not disrupt endogenous Pax6 25 expression (0.75 ± 0.36 fold; P > 0.05; n = 9; Fig. 2b , g, h) compared with the GFP control, yet 26 nor could we distinguish a difference between dnPax6 and Smad6 mis-expression ( Fig. 2b ; P 27 > 0.05). Thus, while distal Pax6 expression in the optic vesicle requires Bmp signalling in vivo, 28 we cannot exclude the possibility that upstream Bmp action may mask subsequent Pax6 auto-29 regulation.
targets might then be explained by differential diffusion of Tgfb2 and Fst gene products resulting 23 in: i) Tgfb2 being locally sequestered by slow-diffusing Fst within the distal vesicle, thereby 24 preserving distal character; ii) fast-diffusing Tgfb2 dispersing proximally away from Fst, to 25 induce proximal character within the neighboring proximal vesicle.
26
To test if this hypothesis is plausible, we examined a reaction-diffusion model of the 
19
It follows that reducing tissue size should limit the number of Pax6-expressing distal 20 poles until polarisation is no longer possible. When cultured as isolated explants in the absence 21 of serum, polarised HH10 optic vesicles (e.g. Fig. 4i ) collapse into compact spheroids (Fig. 4j) reducing this tissue's longest dimension to ≤0.5 fold. Continuing the Model B simulation of Fig.   23 4e & f after reducing the length of this polarised tissue predicts that proximal-distal polarity 24 should be lost in this case ( Fig. 4k, l) . To test this, we compared proximal and distal gene 25 expression before and after vesicle collapse under neutral culture conditions. In agreement with 26 the simulation, the four distal markers Pax6 (0.40 ± 0.08 fold; P < 0.001; n = 4), Fst (0.12 ± 0.04 27 fold; P < 0.001; n = 4), Tgfb2 (0.65 ± 0.17 fold; P < 0.05; n = 4) and Vsx2 (0.66 ± 0.25 fold; P < 
17
To verify that loss of Pax6 expression is indeed due to the predicted de-repression of 18 Tgfb signalling, we attempted an alternate rescue by co-transfecting FstMO together with a cell-19 autonomous Tgfb pathway inhibitor, Smad7. As can be seen ( Fig. 5b , i, j), no significant loss of In addition to inducing Pax6 25 , overexpression of Fst in Xenopus animal cap explants 23 was reported to induce expression of the retinal photoreceptor marker Opsin 26 . We therefore 24 investigated whether Vsx2, a distally expressed neural retinal marker 27 (Fig. 1b 
20
(typically between 0.1 -0.6 µg) were used as template for first strand cDNA synthesis using 1:20 before relative quantitation of transcript levels by real-time PCR using SYBR Green master 23 mix (Applied Biosystems) and target-specific primers ( Supplementary Table 1 ). Relative 
